Secondary radiation in aircraft and spacecraft includes deuterons, tritons and helions. Two sets of fluence-to-effective dose conversion coefficients for isotropic exposure to these particles were compared: one used the particle and heavy ion transport code system (PHITS) radiation transport code coupled with the International Commission on Radiological Protection (ICRP) reference phantoms (PHITS-ICRP) and the other the Monte Carlo N-Particle eXtended (MCNPX) radiation transport code coupled with modified BodyBuilder TM phantoms (MCNPX-BB). Also, two sets of fluence-to-effective dose equivalent conversion coefficients calculated using the PHITS-ICRP combination were compared: one used quality factors based on linear energy transfer; the other used quality factors based on lineal energy ( y). Finally, PHITS-ICRP effective dose coefficients were compared with PHITS-ICRP effective dose equivalent coefficients. The PHITS-ICRP and MCNPX-BB effective dose coefficients were similar, except at high energies, where MCNPX-BB coefficients were higher. For helions, at most energies effective dose coefficients were much greater than effective dose equivalent coefficients. For deuterons and tritons, coefficients were similar when their radiation weighting factor was set to 2.
INTRODUCTION
Astronauts and persons in aircraft at very high altitudes are exposed to heavy ions, light ions, protons and neutrons, over wide-energy ranges. Of great importance in planning missions that involve flights at very high altitudes or in space is limiting health effects from radiation exposure. This requires having a good estimate of the radiation dose likely to be received. The standard dose quantity used to limit lifetime health effects from radiation in most occupationally exposed persons is effective dose, calculated from organ equivalent dose. However, in National Council on Radiation Protection and Measurements Report 153
(1) , it is indicated that organ dose equivalent-calculated from the probability density of the absorbed dose in terms of linear energy transfer (LET) coupled with radiation quality factor, Q
-may be used as a surrogate for equivalent dose in space dosimetry. Hence, conversion coefficients from fluence-to-organ absorbed dose and to organ dose equivalent may be used to estimate stochastic risk to astronauts.
In addition, the International Commission on Radiological Protection (ICRP) has introduced new adult reference phantoms and new recommendations for calculation of effective dose (3, 4) . Unlike most older phantoms (5 -8) , which used mathematical surfaces to approximate the inner structure of the body, the new ICRP phantoms are voxel phantoms. Voxel phantoms are models derived from images from sources such as computer tomography and magnetic resonance imaging scans. The images are chopped into boxes called 'voxels' that are assigned to rows, columns and slices. This type of phantom is potentially superior to those based on mathematical descriptions in the same manner that digital computing is superior to analogue computing, i.e. the accuracy is limited only by the number of voxels used.
Sato et al. (9, 10) published coefficients for protons, neutrons and heavy ions ranging in mass from alpha particles to nickel, calculated using the new ICRP recommendations. Dose conversion coefficients for deuterons, tritons and helions, over wide-energy ranges, using the new ICRP recommendations, are needed to form a complete set of coefficients calculated using a single method.
In this report, fluence-to-dose conversion factors for deuterons, tritons and helions were compared, using ICRP adult reference phantoms (3) and BodyBuilder TM adult phantoms (8) as modified by Copeland et al. (11 -15) . 
METHODS

Radiation weighting factors
To estimate risk of stochastic effects, the ICRP (4) currently recommends effective dose as a radiation protection quantity for general application, including aviation at high altitudes. ICRP defines effective dose, E, as a quantity calculated for a 'Reference Person'. The effective dose is the weighted sum of the equivalent doses to a selected set of radiosensitive organs or tissues:
where w T is the tissue weighting factor for organ or tissue T, w R is the radiation weighting factor for external radiation (or internal emitters) of type R and D T,R is the absorbed dose in organ or tissue T of the Reference Person from radiation of type R. The absorbed dose to each organ or tissue of the adult Reference Person is defined as the average of the absorbed doses to that organ or tissue in the ICRP adult male and adult female reference phantoms. The value of w R for several types of radiation is discussed in detail in section B.3.5 of ICRP Publication 103. It represents radiation quality averaged over the different tissues and organs of the body, and takes into account that the actual radiation field varies owing to attenuation and degradation of the primary radiation and production of secondary radiations of different quality. No w R is explicitly specified by ICRP for deuterons, tritons or helions.
Deuterons and tritons
For protons and charged pions externally incident on the body, ICRP (4) recommends a w R of 2 in the energy range considered here (0.01 -1000 GeV). Protons, charged pions, deuterons and tritons have the same charge and thus, when travelling at the same speed, they have similar LETs and track structures (though different ranges) (16) . Indeed, Sato et al. (17) found that in the energy range of 0.005-3 GeV per nucleon, the average radiation quality factors for protons, deuterons and tritons are similar and close to 2. Based on these considerations, the w R of 2 used for deuterons and tritons in the present study was considered reasonable.
Helions
For alpha particles and heavy ions externally incident on the body, ICRP (4) recommends a w R of 20, while recognising that data for biological effects is limited and its current recommendation is conservative and may be inadequate for space applications.
Sato et al. (17) found that in the energy range 0.005-3 GeV per nucleon, the mean quality factors for helions and alpha particles at the same energy per nucleon are almost identical. Therefore, the w R of 20, recommended by the ICRP for alpha particles was used for helions in the present study.
Phantoms and radiation transport
Fluence-to-effective dose coefficients were calculated with the Monte Carlo N-Particle eXtended (MCNPX) 2.7.C radiation transport program (18) using modified BodyBuilder TM phantoms (8) and with the particle and heavy ion transport code system (PHITS) 2.1.5 radiation transport program (19, 20) using ICRP reference phantoms (3) . Coefficients for converting fluence-to-effective dose equivalent based on lineal energy, y (21) , and fluenceto-effective dose equivalent based on LET, L, were calculated with the PHITS transport program and ICRP reference phantoms.
Detailed procedures for calculating dose conversion coefficients using these combinations of transport code and phantoms have been described previously (9 -11) . Thus, only a brief explanation of each procedure is given.
PHITS
Nuclear reactions induced by particles ,5 GeV per nucleon were simulated by the JAERI Quantum Molecular Dynamics (JQMD) model (22) . Those induced by higher energy particles were dealt with by the Jet AA Microscopic (JAM) model (23) for protons and neutrons, and the combination of the JQMD and JAM models for heavy ions. The JQMD model is one of the most sophisticated models for describing nuclear reactions induced by heavy ions. It is based on a dynamical microscopic N-body approach. Its accuracy has been verified (24, 25) . The event generator mode of PHITS (26, 27) coupled with the evaluated nuclear data file ENDF/B-VI (28) was employed in the transport simulation of neutrons ,20 MeV to determine the energy of charged particles emitted from low-energy neutron-induced nuclear reactions.
ICRP reference phantoms
To calculate conversion coefficients for organ absorbed doses and their dose equivalents, simulations were performed to estimate the absorbed doses and their probability densities in terms of LET and y in each organ or tissue of the ICRP reference phantoms, using PHITS. In the simulations, the phantoms were irradiated isotropically by deuterons, tritons and helions, with energies from 1 MeV per nucleon to 100 GeV per nucleon.
Isotropic (ISO) irradiation geometry is the most realistic geometry for reproducing the radiological situations in space.
The absorbed dose in most organs or tissues, including skin, was estimated from the energies deposited in the voxels assigned to the organ or tissue, divided by its mass. For low-energy irradiations, this method triggers both underestimation and overestimation of skin absorbed dose, because it ignores skin anatomy (29) . However, these errors are expected to cancel out each other in the skin dose estimation for astronauts. The method was not used for red bone marrow and bone surface, because these tissues are not explicitly defined in the ICRP reference phantoms. The absorbed dose in red bone marrow was found by weighting the absorbed doses in each spongiosa and then averaging the weighted absorbed doses; the weighting factor used for each spongiosa was the ratio of red bone marrow mass to total mass for that organ. The absorbed dose in bone surface was found by weighting the absorbed doses in each spongiosa and each medullar cavity, and then averaging the weighted absorbed doses; the weighting factor used for each spongiosa and medullar cavity was the ratio of endosteum mass to total mass for that organ.
With regards to the accuracy of the calculated coefficients: standard deviations ( per cent) for effective dose and effective dose equivalent were ,2.8 % for deuterons; ,2.3 % for tritons and ,2.3 % for helions.
MCNPX
Monte Carlo radiation transport code MCNPX 2.7.C (18) , with additional cross-section libraries distributed with MCNPX 2.6.0 (30) , were used to simulate ISO exposure of an adult female and an adult male to deuterons, tritons and helions with energies from 10 MeV to 1 TeV. Physics models in MCNPX were selected such that for interactions at energies above those in the tables, the most modern physics models available were used: Los Alamos QuarkGluon String Model (LAQGSM) 3.02 (31) for light ion transport .0.940 GeV per nucleon and for protons and neutrons; Fluktuierende Kaskade (FLUKA) 89 (32) for anti-nucleons and kaons .0.800 GeV; ISABEL (33, 34) for anti-nucleons and kaons ,0.800 GeV; Cascade-Exciton Model (CEM) 3.02 (35) for other particle transport.
BodyBuilder TM phantoms BodyBuilder TM ver. 1.3 (8) male and female phantoms were modified to allow use as surrogates for the ICRP reference phantoms. These modifications have previously been described (11, 12) . The organs and tissues used as surrogates are the following:
(1) The oral mucosa dose was used as the dose to the salivary glands. (2) The dose to muscle was used as the dose to lymph nodes, since lymph nodes and muscle are distributed similarly in the body. (3) The dose to female breasts was used as the dose to male breasts, since the male BodyBuilder TM phantom has no breasts. This procedure was used in ICRP Publication 74 (36) and is discussed in ICRP Publication 103 (4) . (4) The dose to a whole bone was used as the dose to the bone surface and any red bone marrow within, since the phantoms do not differentiate between bone surface and interior. The approximations for bone surface and red bone marrow were tested using a simple cylindrically symmetric model (cortical bone surrounding adipose tissue beneath 5 cm of muscle). There was less than a 10 % difference in results at the energies used in the study. (5) A weighted average of doses to bones containing red bone marrow was used as the dose to red bone marrow. Weighting factors used were estimated fractions of red bone marrow in the bones of an adult (37) . (6) The dose to the head skin was used as the dose to the eye lens because the phantoms lacked eyes and they are both thin tissues at or near the surface of the head.
For each primary particle energy and tissue, a fluence-to-absorbed dose conversion coefficient and coefficient of variation (CV, standard deviation divided by mean) were calculated. Calculations were stopped if either 5.00Eþ07 simulations were run or the largest CV for all tissues became ,0.01.
Compositions of all tissues were from ICRU Report 49 (38) .
Effective dose and effective dose equivalent
Irrespective of the radiation transport program and phantoms used, conversion coefficients from fluenceto-effective dose, E, can be calculated from the absorbed doses per unit fluence in each organ or tissue from each radiation type, D T,R , using the w R values for deuterons, tritons and helions, discussed earlier, and w T values from ICRP Publication 103, by means of the following equation:
where H T denotes the equivalent dose in organ or tissue, T, per unit fluence. The Q(L)-and Q( y)-based organ dose equivalents, H T,L and H T,y , can be determined from the probability densities of absorbed doses in an organ or tissue in terms of LET and y, referred to here as 
The conversion coefficients for the Q(L)-and Q( y)-based effective dose equivalents, H E,L and H E,y , are calculated by the following equations:
In principle, w T defined in ICRP Publication 26 (39) must be employed in the derivation of the effective dose equivalents, but w T defined in ICRP 103 was substituted in the present study, in order to investigate the difference of the effective dose and the effective dose equivalents induced by the numerical incompatibility between w R and the quality factors. For all three particles, the PHITS-ICRP and MCNPX-BB methods of generating fluence-toeffective dose conversion coefficients agree well at low and intermediate energies, while MCNPX-BB produces higher coefficients at the highest energies. The discrepancy in the high-energy region is induced by the different nuclear reaction models employed in PHITS and MCNPX.
RESULTS
As noted above, for these calculations the most modern models available in MCNPX 2.7.C were selected. A limited set of calculations using the default models in MCNPX suggests that the MCNPX-BB results are sensitive to the selection of transport models in MCNPX, with default models resulting in lower coefficients. The important kinds of transport for these calculations that are affected by the choices are light ion transport at energies 
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,940 MeV n 21 and proton and neutron transport at energies .3500 MeV. For light ions, the default option is ISABEL, and CEM is the most modern option (LAQGSM is always used at high energies). For high-energy protons and neutrons, the default option is FLUKA89 and the only other option is the more modern LAQGSM.
For Q(L)-and Q( y)-based effective dose equivalent conversion coefficients, the pattern is again the same for all three particles. At the lowest energies, the coefficients calculated from lineal energy are greater than those calculated from LET, while at the highest energies the LET-based coefficients are greater. These differences are predominantly caused by the numerical incompatibility between Q(L) and Q( y) at low LET and y regions, where Q( y) is ,1 for y around 1 keV mm 21 and .1 for y around 10 keV mm 21 , while Q(L) is set to 1 for LET ,10 keV mm 21 . It should be noted that LET and y for deuterons, tritons and helions are generally around 1 keV mm 21 for high energies, and increase up to around 100 keV mm 21 as particle energies decrease. Figure 4 shows two ratios for each particle: (1) PHITS-ICRP Q(L)-based fluence-to-effective dose equivalent conversion coefficient to PHITS-ICRP fluence-to-effective dose conversion coefficient, R D , and (2) mean quality factor to radiation weighting factor, R F . For all three particles, R F and R D are consistently very close to each other, indicating overall mean quality factor can be used as a substitute for the mean quality factor in most tissues. For deuterons and tritons, R F and R D are .1 at low energies and close to 1 at intermediate and high energies. For helions, R F and R D are close to 1 at the lowest energies, then rapidly decrease with increasing energy, becoming consistently ,0.1.
These results numerically support the adequacy of the choices of w R ¼2 for deuterons and tritons for high energies, and w R ¼20 for helions at low energies. Table 1 shows relative contributions of five tissues to effective dose at several energies, from the PHITS-ICRP and MCNPX-BB transport-phantom combinations. These are the tissues assigned the highest tissue weighting factor (w T ¼0.12) by the ICRP (4) . At most energies they account for about 60 % of the effective dose.
CONCLUSIONS
The use of ICRP reference phantoms (3) for calculation of effective dose, instead of BodyBuilder TM phantoms (8) derived from Cristy and Eckerman models (6) , has little effect on the results; differences in transport codes are primarily responsible for differences in coefficients. This is evident from the data in Table 1 , which shows the per cent contribution to the total effective dose from the five most heavily weighted organs in each phantom.
With regards to the divergence of the MCNPX-BB and PHITS-ICRP fluence-to-effective dose conversion coefficients at high energies, previously published coefficients for other particles suggest that the PHITS-ICRP results may be more reasonable. They more closely follow the pattern where increasing the incident particle energy by a factor of 10 results in about twice the effective dose per fluence, which is similar to previously published results for protons and neutrons (9, 40) . However, further benchmarking at these energies is needed to be certain.
The closeness of the ratios R D and R F to each other at all energies indicates that the overall mean quality factor can be used as a substitute for the mean quality factor in most tissues. The closeness of R D and R F to 1 for deuterons and tritons supports the selection of 2 for w R in the energy range examined. For helions, the fact that the ratios are almost all considerably ,1 suggests that 20 is too great a value for w R over most of the energy range examined. However, like alpha particles and heavier ions, uncertainty in biological effects of helions justifies a large value of w R .
The presented PHITS-ICRP fluence-to-effective dose conversion coefficients for deuterons, tritons and helions meet current ICRP recommendations. The coefficients complete the set of ICRP compliant fluence-to-effective dose conversion coefficients for ions from protons through nickel calculated with the PHITS transport code. The numerical values of these conversion coefficients are available as electronic databases DDCC (41) . 
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